ABSTRACT -Context -Novel strategies are needed to identify more efficient biomarkers to accurately diagnose prognose and improve the treatment outcome of colorectal cancer. Objectives -To analyze the functional and morphological features of colorectal cancer to identify the neoplastic patterns that affect patient survival. Methods -Forty-five patients with colorectal cancer were followed for a minimum of 3 years. Blood levels of carcinoembryonic antigen (CEA) were measured by chemiluminescence and immunohistochemical analysis of tissue expression followed by computer-assisted image processing. Tumors were assigned to three morphofunctional classes. The morphofunctional classification was based on combination between histological differentiation and cell polarization. The functional characterization was based on the CEA cell polarization. The tissue polarization of CEA was classified in well-polarized, moderately polarized or nonpolarized cells. Morphofunctional staging was defined by the association between morphofunctional class (polarization and histological differentiation) and TNM by score given to each one classification. Results -There was an association between increased CEA tissue expression and loss of histological differentiation (P = 0.01) or loss of polarization capacity (P = 0.03). There was a progressive increase in tissue CEA quantities in accordance with the proposed morphofunctional grading system. Plasma levels of CEA were increased in advanced tumor stages. Blood levels of CEA were increased in advanced morphofunctional stages (P = 0.001). There was a relationship between survival outcome and morphofunctional staging (P = 0.005). Conclusion -Morphofunctional staging is a valuable prognostic factor for colorectal cancer and it correlates with plasma CEA levels.
INTRODUCTION
Colorectal cancer (CRC) is the second most prevalent cancer worldwide and is the fourth most common cancer in men and third in women. There are an estimated 153,760 new cases each year in the United States and over 50,000 patients died from this disease in 2007 (39) . In recent years, clinical, histopathologic, molecular and genetic variables have been identified that are associated with CRC patient survival (1, 3, 9, 10, 14, 15, 20, 24, 37, 39, 45) . These include early diagnosis (37) , age (3) , neoplastic site (46) , degree of histological differentiation (14) deep wall intestinal invasion, (10) lymph node invasion (1, 9) , mucus production (15) , carcinoembryonic antigen (CEA) serum levels (24) angiolymphatic invasion (21) and genomic expression profiles (45) . There is great interest in identifying the various CRC clinical and biologic factors that are associated with neoplastic spread and CRC prognosis. There are promising results demonstrating an association between clinical and histopathological variables and CRC prognosis, but there are also results that contradict these results (20, 26, 36, 37, 45) . Studies have attempted to identify the main factors related with CRC prognosis (4, 29, 31, 32 33) . The consensus is that the most important factors that are associated with CRC prognosis are: deep invasion into the colon wall, lymph node invasion, metastasis and degree of histological differentiation (22, 29) . However, analysis based only on morphologic features acquired at a single moment in time using a microscope does not provide in-depth biological information about tumor evolution and the specific contribution of the tumor cell sub-types (29) . Combining studies on the genetic changes, chromosomal instability, and alterations in protein expression with functional features would provide a more comprehensive basis for making CRC prognostic determinations (23) . Functional features can be assayed by immunohistochemical analysis followed by computer-assisted image processing. Analyzing the functional expression of antigens associated with the development, growth and dissemination of tumor cells enables assessment of their contribution to disease progression (22) . Stepwise analysis will identify the contribution of each molecule to tumor evolution. Even though histopathological analysis is fundamental for prognosis, it is important to combine this with analysis of gene and protein expression in each neoplastic group. The principal aim of proteomic studies is the establishment of valuable prognostic tumor markers that can be used clinically. Diagnostic oncoproteomics is the application of proteomic techniques to the diagnosis of malignancies. This is essential as early detection of cancer dramatically reduces mortality.
CEA is the most commonly used tumor marker in CRC and is likely to be the most researched antigen since its initial discovery by Gold and Freedman, in 1965 (13) . Studies have analyzed the prognostic power of plasma CEA levels and how it relates to morphologic features at different stages. The data generated from these studies suggests a relationship between plasma CEA levels and poor prognosis; however, there are contradicting results (12, 14, 44) . After resection of neoplastic lesions, CEA levels may increase and this suggests neoplastic relapse (5) , however, there are tumors that produce only small amounts of CEA. Since the CEA levels never increase in these tumors, this measurement cannot be used for detection or to assess recurrence (8, 40) . Immunohistochemical analysis of CEA expression has shown that the antigen can be expressed in different sites within tumor cells (16) . There is a relationship between intensity, the CEA cell distribution pattern and blood levels of CEA (6) . However, despite all the extensive knowledge on this protein, the relationship between plasma CEA levels and CRC stage is unknown, especially for tumors exhibiting different histological and functional features.
Currently, studies relating CEA blood levels and CRC prognosis are not guided by measurement of protein levels or antigen presentation in cancer tissue, which are important for understanding tumor protein dynamics, specifically the production and excretion capacities of the tumor cells (8, 41) . These studies refer to the use of functional dynamic analysis of tumor cells. It is possible that measurement of CEA and understanding the dynamics of its production may be useful for disease prognosis.
Novel technologies are needed to identify novel and more efficient biomarkers and molecular targets for the earlier and more accurate diagnosis and treatment of CRC. Proteomics, the study of proteins and their altered regulation in disease, is a new focus of preclinical and clinical drug development. Protein arrays of tumor lysates allow assessment of the expression and activation of proteins that may be specific CRC targets or universal cancer molecular targets. Use of computer-assisted image processing allows the quantification of protein expression in tissue (6, 34) . Histological differentiation, immunoexpression and protein excretion enables classification of stages. This is necessary to individualize treatment of CRC and understand its evolution. Stratifying tumor subtypes via morphofunctional criteria assists in understanding tumor evolution within the same cancer type. Correct staging facilitates disease prognosis, because it will identify which neoplasms will behave in a similar fashion and should be treated in a similar manner. This provides insight into the biology of the disease and can be used to identify specific targets for therapeutic intervention, as well as enable monitoring of the therapeutic efficacy of the targeting the identified proteins.
The aim of this study is to analyze the functional and morphological features of CRC to determine whether neoplastic patterns are affect patient survival. The functional features involve using proteomics to assess the expression levels of CEA protein.
This study was approved by Ethics Commission of Research (0420/06). The study comprised 45 patients (20 females) diagnosed with CRC between 2002 and 2005. The mean age was 62.47 years (range: 38-82). They were classified using Dukes (9) and TNM (18) staging, and patients were followed for a minimum of 3 years or until death. Patients less than 18 years old were excluded. A hepatic biopsy was performed to confirm cancer. Release of CEA into the blood was measured by a chemiluminescence technique. Samples of peripheral venous blood were collected immediately prior to the operation and were sent to a laboratory for analysis.
All surgical specimens were fixed in 10% formol and embedded in paraffin blocks. Three sections of 4-mm thickness were obtained from the periphery of the tumor. Samples were stained with hematoxylin-eosin (H-E) to visualize the degree of invasion into the colon wall and extent of cell differentiation. The degree of differentiation was classified as well-differentiated, moderately differentiated or undifferentiated depending on the extent of granularization. A mucinous pattern was classified as undifferentiated, in accordance with the World Health Organization guidelines. The neoplastic involvement of the lymph nodes was evaluated using H-Estained tissue slides. All the specimens were classified using Dukes (9) and TNM (18) staging. The immunohistochemical study was performed using a previously described technique with anti-CEA monoclonal antibodies and streptavidin-biotin-peroxidase-complex (24) . The distribution patterns of staining were categorized according to the protein distribution tissue pattern and extent of protein polarization in the cells. The CEA distribution pattern in cells was classified as apicoluminal or cytoplasmic.
In regards to the polarization of CEA by the cells, normal colonocytes and neoplastic cells were compared. In normal tissue, CEA was detected as an immunostained line restricted to the apicoluminal cell surface ( Figure 1A ). The neoplasm was considered to be well-polarized when there was partial CEA polarization defined by CEA immunoreactivity along the cytoplasmic membrane regardless of granularization ( Figure 1B ). It was defined as moderately polarized when the lesions had a predominantly cytoplasmic distribution pattern ( Figure 1C ) and nonpolarized when the neoplasm had cordonal cell distribution because of the inability to distinguish the apical pole from the basal pole ( Figure  1D ) or when there was a large quantity of mucus in the glandular lumen, which by conventional histology would represent the mucinous pattern of CRC.
Morphofunctional grading was scored based on the morphofunctional class and TNM stage ( Table 2 ). For morphofunctional class 1 (1 point) + TNM stage 0 (0 point), the sum is 1. This represents morphofunctional stage I, whereas stage IV is morphofunctional class 3 (3 points) + TNM IV (4 points), resulting in a total sum of 7 points.
In order to measure CEA content, computer-assisted imaging processed the immunostaining information on the selected tissue as the mean obtained from three measurements taken from one same slide, following the methodology previously described (34) . The final image processing quantified the CEA expression in the tissue and generated absolute or percentage numerical values representing this expression. The average of three measurements was defined as the final value of CEA content.
The CRC specimens were categorized into three morphofunctional classes based on their functional and morphological features. The functional feature related to CEA polarization capacity and the morphological feature was based on histological grade. Well-differentiated and wellpolarized tumors were defined as morphofunctional class 1, whereas moderately differentiated and moderately polarized carcinomas or well differentiated and moderately polarized were defined as morphofunctional class 2. Morphofunctional class 3 consisted of poorly polarized neoplastic tissue, which was independent of histological grading (Table 1) . 
Statistics
The association between the means for the parameters of preoperative serum CEA levels, histological degree, tissue CEA content, CEA polarization capacity of cells, Dukes and TNM stage, and morphofunctional staging were compared using the Spearman test. Kaplan-Meyer survival curves were constructed and Log-Ranks were calculated to determine the prognostic outcome. The significance level was set at 5% for each analysis. All calculations were performed using SPSS 13 software.
RESULTS
The CEA levels are different when the variables of neural invasion, angiolymphatic invasion, Dukes stage (9) , TNM stage (18) and morphofunctional stage were compared (Table 3) .
There was a significant difference in the CEA content when the CEA polarization capacity of the cells, degree of histological differentiation, and morphofunctional class was compared (Table 3 ). There was increased CEA content in tumors with a poor degree of histological differentiation (P = 0.01) and with a progressive loss of CEA polarization in cells (P = 0.03). Table 4 shows a progressive increase in CEA content, which was associated with loss of the CEA polarization capacity of cells, and to a smaller degree, histological differentiation (P = 0.05).
The CEA content was related to the degree of histological differentiation (rs = 0.420, P = 0.004). There was correlation between CEA levels into the blood and TNM (rs = 0.446, P = 0.002) and morphofunctional stage (rs = 0.439, P = 0.003). v. 47 -no.3 -jul./set. 2010
DISCUSSION
In spite of technological advancements, worldwide cancer deaths are projected to continue rising, with 9 million estimated deaths in 2015 and 11.4 million in 2030 (38) . The variability in clinical and biological behavior has aroused interest in identifying factors associated with disease progression and prognosis. Recently, clinical, histopathologic, molecular and genetic variables have been associated with survival outcome in CRC patients (1, 3, 9, 10, 14, 15, 20, 22, 24, 29, 35, 45, 46) . Factors such as deep tumor infiltration into the colon wall, lymph node infiltration, metastasis and histological degree have been investigated as prognostic markers (23, 35) . Assessing prognosis only using morphologic criteria is limited as it only represents a specific moment in time of tumor evolution. It does not provide information about tumor dynamics.
Comprehension of genetics changes involved in CRC, chromosomal instability and proteomic expression makes the possibility of using functional features valuable to improve the efficiency of CRC prognosis (31) . Oncoproteomics is the study of proteins and their interactions in a cancer cell by applying proteomic methodologies. Analysis of cell dynamics is possible because of advancements in molecular biology and analysis of antigens associated with development. The growing and spreading of a tumor occurs as a consequence of the specific expression of proteins. This possibility allows the analyses of functionally dynamic neoplasia and whether it correlates with cancer prognosis (23) . The stepwise identification of the functional relationship of each molecule will elucidate unknown aspects of CRC evolution. These phenomena are very important to comprehend the unexplained pathological events that contribute to CRC. There is intense interest in applying proteomics to improve our understanding of cancer pathogenesis, develop new tumor biomarkers for diagnosis and early detection by analyzing the proteomic content of samples. Although histopathology remains a fundamental element for prognostic analysis, additional methods that study neoplastic gene and protein expression are making their way into clinical practice. The study of oncoproteomics provides further understanding about each neoplastic group, and the main goal is to establish the prognostic value of a tumor marker that has utility in clinical practice. CEA is a tumor marker that has been extensively studied in CRC (44) . It is not used as a diagnostic tool because of its low specificity, but it is important to measure levels of this protein in patients that have undergone surgical resection, especially CRC patients (20) . When the levels of a tumor marker increase in the circulation after a complete tumor resection, it can indicate relapse, but some tumors produce small amounts of CEA and an increased level does not necessarily mean disease recurrence (8, 44) . There is controversy regarding the relationship between CEA blood levels and CEA tissue expression as assessed by immunohistochemistry using anti-CEA antibodies in CRC specimens (28, 41) . Studies reporting on the prognostic power of blood protein quantification correlate CEA expression with valid morphologic variables, represented by different forms of staging, and show an association between increased CEA blood levels and an unfavorable prognosis.
In the present study, CEA blood levels varied between 0.1 ng/dL and 106 ng/dL in a patient with early disease and in a patient with liver metastasis, respectively. This association is dependent on the neoplastic stage since the release of CEA into the blood is determined by the tumor size and presence of metastatic tumors that produce the CEA. In addition, an advanced-staged neoplasia exhibits deep infiltration, which allows easy access of CEA to the circulation and increases tumor marker levels in the blood (13, 27, 29) . The results obtained in the present study support a correlation between the Dukes (9) , TNM (18) and morphofunctional classifications and increased CEA levels in advanced stages of neoplasia. These results demonstrate a rise in CEA levels in the blood, which is associated with disease progression, although, current studies relating CEA and prognostic classification are controversial (5, 12, 44) . An increase in CEA levels after complete resection can suggest cancer recurrence (8) , but there is a subset of CRC tumors that produce a small quantity of CEA and blood levels remain normal. In these circumstances, the measurement of CEA levels in the blood does not relate to advanced disease detection or recurrence (16, 41) . In despite of the extensive knowledge on this protein, the relationship between CEA levels and CRC staging remains undefined when tumors with different morphologic and functional features are considered.
CEA immunoexpression was identified in all normal and neoplastic colorectal tissues. In other studies, the immunostaining rate for neoplastic cells ranges from 20% to 100% (6, 17, 19, 30, 40, 41, 43) . The differences in the extent of immunostaining between our and other studies may be due to different staining methodologies.
In the neoplastic cell population, the staining was apical in 62.2% and was cytoplasmic in the remaining 37.8%. Stromal immunostaining was observed in 100% of the specimens when there was rupture of the basal membrane, which characterized an invasive phenotype. Therefore, we can conclude that stromal distribution is a manifestation of the invasive properties of a tumor, which is a view accepted by other authors (2, 6, 7, 30, 41) . Assessing CEA expression by means of immunohistochemistry has demonstrated that the antigen can be expressed in different sites in CRC cells and there is a relationship between intensity, tissue staining pattern and CEA blood levels (6, 16) . This current study shows a correlation between CEA and CRC prognosis and indicate that it is important to not only quantify the tumor marker levels in the blood but also to consider the expression of the antigen in tumor tissue. Considering the latter reveals important protein dynamics, which include production and excretion of the specific antigen (41) . The cell surfaces in contact with the lumen of the colon have microvilosities that mediate absorption and excretion. Normal mucosal cells produce antigen that moves into the cytoplasm and associates with the cell membrane and is subsequently eliminated from the cell into the lumen (39) . Proteins produced in the mucosal cells of the specialized colonic epithelium maintain their polarization, as is the case for CEA. In normal colonic epithelium there is an increase in cytoplasmic CEA with a low degree of differentiation, suggesting that an incapacity for cell polarization is related to reduced cell specialization (13, 39) . This study showed that differential antigen content in tumors correlated with a progressive loss of cell polarization capacity. During specialization, mucosal cell processes move from the deep crypts, which are part of the proliferative epithelium zone, to apical regions and become further differentiated (11) . The relationship between cell specialization, intensity and tissue expression of CEA is an important focus of cell differentiation research (6, 34, 40, 47) . However, other authors contradict this role for CEA (23, 39) . in the present study, we did not find an association between CEA blood levels and the degree of differentiation, but there is an increase in tissue protein content, which is related to the degree of differentiation and cell polarization capacity. Hamada at al. (16) showed that most patients with well-differentiated tumors had an apical distribution pattern CEA and a low level in the blood. Patients with well-differentiated tumors with an apical staining pattern show low levels of CEA in the blood, whereas patients with moderately differentiated or undifferentiated tumors with a cytoplasmic staining pattern have high levels of CEA in the blood (44) . Patients with welldifferentiated carcinomas, moderate to intense expression and an apical distribution pattern may present with low blood levels of CEA, because although the antigen is present in the tissue, the majority of it is eliminated by the intestinal lumen (47) . Our findings support this conclusion. There is an increased protein content in tumors with a low degree of differentiation and with a progressive loss of cell polarization capacity. There is a progressive increase in tissue levels of CEA with a low degree of differentiation associated with a loss of cell polarization capacity in accordance with the proposed morphofunctional grading.
An in vitro study showed that a CRC matrix that originated in a LISP-I cell line consisted of two morphologically distinct subpopulations, LISP-A10 and LISP-E11. Morphological differences were shown to correlate with diverse functional properties that probably contributed to the metastasis of the LISP-1 cell line. LISP-A10 cells expressed higher amounts of CEA on their cell surface as compared to LISP-E11, which is similar to a CRC undifferentiated pattern (41) . These aspects demonstrate the importance not only of the degree of differentiation but also the capacity of the neoplastic cells to produce the tumor antigen. Thus, classification considering morphological and functional characteristics can direct the prognostic meaning of high blood levels of CEA.
In the present study, the CEA blood levels were higher in the morphofunctionally-defined advanced stage. It reinforces the concept that the diverse characteristics of colon cells, as defined morphofunctionally, critically contribute to the levels of CEA in the circulation.
Despite the controversy concerning the validity of measuring the pre-operative levels of CEA, our studies emphasize their value and demonstrate an association between higher levels of CEA and poorer prognosis (12, 42) . Some research contradicts these findings and show that 14% to 56% of CRC cases can present with normal blood levels of CEA (44, 47) . Thus, measuring CEA levels before surgical treatment remains controversial. The CRC classification systems are based on information related to the extent of disease, and are important for deciding on a treatment strategy. There have been many attempts to identify an efficient classification system for CRC. The Dukes system proposed the most simple classification that add up infiltration deep into tissue and metastasis (9) . In 1945, Dukes classification was extended to colon cancer and almost 10 years later, Astler and Coller (1) proposed a new modification. In 1966, studies focused on developing new cancer classifications resulted in the publication of the first TNM classification system (Tumor, Node, Metastasis) (18) . TNM is the most commonly used classification. It has 65% accuracy but fails to estimate prognosis in some patients (27) , especially stage II and III patients. Therefore, this is not useful for generating a consensus on a chemotherapeutic treatment strategy (25, 27) . Classification by functional, clinical and morphological features provides stratification of groups that results in a more valid prognosis with a greater certainty ratio. The Colorectal Working Group guidelines recommend measuring pre-operative CEA blood levels as a prognostic factor when associated with TNM stage. In the present study, when functional aspects were considered with TNM staging, there was a relationship between survival outcome and CEA blood levels. Additionally, there was significance between stage II and III of morphofunctional classification. This study showed (Figure 2 ) that the results from the survival curves generated from morphofunctional staging rather than TNM staging were more statistically significant (P = 0,005). In this study, the importance of including functional variables in staging was evident when considering CEA blood levels and morphofunctional staging (Tables 1 and 3) , especially for stages II and III. The difference is more evident in morphofunctional staging than TNM staging. Staging based only on morphological features does not provide information about the evolution of intermediate stages of disease, so no consensus can be reached regarding appropriate therapy for these cases. The morphofunctional staging not only considers the morphological characteristic but also the cellular protein dynamics, and it supports using CEA measurement as a prognostic factor for CRC. It is better than TNM classification as it considers invasiveness and aggressiveness, which both arise from tumor genotype. Indirect analyses of gene expression by the detection of the corresponding encoded proteins, such as CEA, provide functional analysis related to tumor development, growth and dissemination. In this regard, it is important to analyze the dynamic cellular functions as these are factors that may be associated with disease prognosis, as they arise from mutations acquired by colon cells (32) . The present study suggests that there are two mechanisms responsible for the increase in CEA levels in the blood of CRC patients. The first mechanism is due to altered production and excretion of proteins from tumor subpopulations and a loss of cell polarization capacity. The second mechanism is through total mass production of antigen and deep infiltration into the colon wall (TNM). The potential to analyze both simultaneously enables the development of a new classification system, which is useful in predicting CRC that is specifically related to CEA levels in the blood.
Understanding the molecular basis of the biochemical pathways involved in carcinogenesis facilitates the integration of diagnosis, anticancer drug discovery, and therapeutic strategies for cancer. One of the major contributions of proteomics to the medical and pharmaceutical fields is the identification of potential drug targets. Many cancers are characterized by alterations in specific signaling pathways and identification of the aberrant pathway in an individual patient enables targeted therapy. Prognostication and the variability of tumor responses to radio/chemo-therapeutic agents is a major interest in cancer research. The advances in proteomic research will lead to a plethora of new molecular markers, which are likely to correlate with the progression of the disease and survival outcome.
Based on our results, we propose that staging considers morphologic and functional features in combination with histological degree of neoplasia, immunoexpression and protein tissue excretion. This will enable greater comprehension of disease evolution. This classification that utilizes morphofunctional aspects to distinguish between different profiles from similar tumors allows precise prognosis of disease progression.
CONCLUSION
From the results of this study, despite small data, it can be concluded, that morphofunctional staging should be considered when evaluating the prognosis of CRC patients, because it considers both functional cell dynamics and CEA levels in the blood. Further research with a larger cohort of patients is necessary to confirm the significance of these findings.
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